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Abstract 
A proposal for the advanced control of a hybrid solar/gas air-conditioning system and its testing by simulation is 
presented. The proposal is based on a Predictive Controller that optimizes the operational costs by taking into 
account the costs of gas heating and the electrical consumption. The Constrained Mixed-Integer Predictive Control 
problem obtained is then solved using a formulation based on the duration of the states, which simplifies the 
numerical solution. The simulation at different times of the year is carried out in order to show the validity of the 
proposed approach 
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1. Introduction 
Nowadays, energy consumption in buildings represents approximately 40% of total energy 
consumption around the world, more than half being used by climatization systems [13], [14], [15]. 
Hence, energy efficiency, the integration of renewable energies and the suitable use of energy inside 
buildings, are topics that are being widely studied from both scientific and technical points of view. 
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Therefore, it is necessary to look for control strategies that can optimize the use of this kind of systems 
and, at the same time, reduce both energy consumption and its associated economic costs.  
 
In this paper, a duration based Predictive Control strategy for a Hybrid Solar/Gas climatization system 
is proposed. More specifically, the main function of this climatization system is to provide a suitable 
temperature.  The installation [1-4] is integrated by three main sections: the refrigeration system, the 
double – effect LiBr-H2O absorption machine and the hot water system (that provides a hot water flow to 
the absorption machine). This paper concentrates on the optimal operation of the hot water system, which 
is composed of three main elements: a solar collector field, an ON/OFF gas heater, and thermally isolated 
accumulation tank. The hot water is obtained by an adequate combination of the water from solar 
collectors, the storage tanks and the gas heater, with Operation Modes that depend on the ambient 
temperature. As a result, there are two configurations: one for the cool season where the main function is 
to provide hot water directly to fan-coil units, and another for the hot season where the mean function is 
to provide hot water to the absorption machine, which transforms it into chilled water which is provided 
to the same fan-coil units. The developed strategy has been applied in simulation to a case study 
presented in [1-4]: the CIESOL building. 
 
 
Model predictive control (MPC) is one of the most powerful tools of advanced control, and it is the 
technique used in this paper. Basically, a predictive controller calculates the system inputs by an 
optimization of the evolution of the different variables. This evolution is estimated by the use of an 
adequate model of the system. The difficulty of resolving the optimization problem increases when binary 
variables appear in the models and restrictions have to be taken into account. An overview of the state-of-
the-art of predictive control can be consulted in [16]. 
 
2. Description of the Solar Air-conditioning System 
 
The building is located in southern Spain (Almeria) in a region with a Mediterranean climate. The 
mean objective is to maintain an adequate air temperature, in the range of 21 to 25ºC, for a mixed-use 
building during office hours. The temperature from 10 laboratories, 5 offices and one conference room 
will be considered. This corresponds to around 389m2. 
 
The Operation Modes of the plant depend on the season. Thus, there are two main configurations:  
 
• In the cool season (from November until March, the daily maximum temperature is around 18ºC. At 
night, the temperature rarely drops below 8ºC). Thus, the mean objective is to provide hot water (at 
around 45ºC) to fan-coil units that provide warm air to the rooms. The components used are the Solar 
Heat Supply subsystem, a plate heat exchanger and the auxiliary heat source.  
 
• In the hot season (from May until September), the external temperature is frequently around 33ºC, 
with a few days exceeding 38ºC. Thus, the mean objective is to provide chilled water (in the range 
7ºC to 12ºC) to the same fan-coil units, which then feed cold air into the rooms. The components 
used an area refrigeration system, a double – effect LiBr-H2O absorption machine and an auxiliary 
heat source.  
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In both cases, the auxiliary heat source provides a hot water flow. The main components are briefly 
described in the following subsections; the interested reader is referred to [1-4] for further information. 
Other components of the plant are: a plate heat exchanger, the refrigeration/heating system and the 
photovoltaic system, which were studied in [9, 10]. 
 
2.1. Description of the Solar/Gas Heat Supply System 
 
The Solar Heat supply subsystem provides the absorption machine with a hot water flow, in the range 
[70ºC, 95ºC] during the hot season, and the plate heat exchanger, in the range [55ºC, 65ºC], during the 
cool season. It is composed of three main elements:  
i. A solar collector field with a maximum power of 125kW.  
ii. A gas heater able to provide a maximum power of 130kW. 
iii. A pair of thermally isolated accumulation tanks, with a capacity of 5m3.  
 
A general scheme of the auxiliary heat source is shown in Figure 1. On the other hand, the actuators 
are: 
 
• The continuous valves V1, V2 and V3 allow the arrangement of the energy sources to be changed.  
• The open/close valve V4 allows the solar collectors and the storage tanks to be isolated from the 
auxiliary heat source.  
• The open/close valve V5 is a security valve that isolates the auxiliary heat source from the absorption 
machine when the strict working conditions required by the absorption machine are not fulfilled.  
• Finally, the pump P1 is a variable speed pump operating in the range 0-24 m3/h, which circulates the 
hot water flow between the absorption machine/plate heat exchanger and the solar collector field.  
 
 
Fig. 1: Scheme of the hybrid solar/gas air-conditioning system 
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2.2. Description of the Absorption Machine 
 
The absorption machine is a double – effect LiBr-H2O absorption machine. The refrigerant used is 
water, and the absorbent lithium bromide (LiBr).The entire process is shown in Figure 2. The main 
components are the following: 
 
Fig. 2: Scheme of the Absorption Machine 
 
i. Solution Pump:  A hermetic solution pump (SP) moves the dilute lithium bromide solution, collected in 
the bottom of the absorber shell, through a tube heat exchanger (H) for preheating. 
 
ii. Generator: After exiting the heat exchanger, the dilute solution moves into the upper shell, where the 
generator (GE) is located. As a result of the heat supplied, the water from the dilute solution boils and 
the vapour formed flows to the condenser (CO). The remaining solution is concentrated up to 56% LiBr 
heading to the heat exchanger (H), where it is cooled by the weak solution being pumped up to the 
generator. 
 
iii. Condenser: The refrigerant vapour is condensed to a liquid state by rejection of heat to the cooling 
water which comes from a cooling tower.  
 
iv. Evaporator: the refrigerant is introduced into the evaporator (E) where it boils, taking the heat from the 
chilled water circulating through the evaporator. 
 
v. Absorber: The 56% concentrated solution of Li Br from the generator (GE) flows to the absorber and 
shares space and pressure with the evaporator (E), where the refrigerant vapour is absorbed by the LiBr 
due to its affinity for water. The absorption also generates heat which is removed by cooling water. The 
resulting dilute lithium bromide solution collects in the bottom of the lower shell, where it flows down 
to the solution pump (SP). The whole process is then repeated. 
 
Moreover, the absorption machine has a cooling tower that is not shown in Figure 2. The interested 
reader can find more information about the absorption machine in [9]. 
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3. Proposed Control System 
 
2.1. Control objective 
 
The main objective of the installation is to supply chilled water to fan-coil units, minimizing gas and 
electrical consumption and fulfilling operational constraints in the absorption machine. From the control 
point of view, the objective is formulated as providing water to the absorption machine in a given range 
[ gT , gT ], and using the remaining degrees of freedom to optimize the operational costs (electricity and 
gas use). 
 
2.1. Control variables 
 
The continuous manipulated variables used to regulate the water flow are: The speed of the pump 
B01 and the position of the mixing valves V1, V2 and V3: 
 
1) Valve V1 corresponds to the solar collector field: When the position of the valve V1 is 0%, water 
flow does not circulate through the solar collectors.  
2) Valves V2 and V3 correspond to the storage tanks. Figure 1 shows a general scheme of the storage 
tank configuration.  
a) When the valves V2 and V3 are 100% open, the tanks are isolated from the auxiliary heat 
source.  
b) When the position of V2 is 100% and V3 is smaller, hot water is stored in the tanks (from the 
solar collector or the generator of the absorption machine).  
c) When V3 is 100% and V2 is smaller, hot water is extracted from the storage tanks.  
d) V2 and V3 cannot be simultaneously 0%. 
 
2.2. Output Variables 
 
The output variables are the temperatures and flows of each subsystem: 
 
Temperatures: 
1) Solar collector’s output temperature 
2) Tanks’ output temperature 
3) Gas heater output temperature 
4) Generator output temperature of the absorption machine 
5) Condenser output temperature of the absorption machine 
6) Evaporator output temperature of the absorption machine 
 
Flows: 
1) Flow through the solar collectors 
2) Flow through the generator, evaporator and condenser of the absorption machine 
3) Flow through the tanks 
4) Flow through the gas heater 
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2.3. Disturbances: 
 
There are several disturbances acting on the system. The most significant ones are: 
 
1) Solar irradiation 
2) Environmental temperature 
 
2.4. Operating Modes: 
 
From the control point of view, the solar air-conditioning plant can operate in twelve different 
modes, selected depending on the current plant and the environmental conditions. The different modes are 
selected from the speed of the pump B01 and the position of the valves V1, V2 and V3. However, 
frequently, not all of them are used [3,4], the main ones being briefly listed below: 
 
#1) Solar collectors feeding the absorption machine (Mode 4). 
#2) Recirculation where all water flows through the solar collectors (Mode 4  No Absorption machine). 
#3) Solar collectors loading the tanks and the absorption machine is active (Mode 5). 
#4) Solar collectors loading the tanks and the absorption machine is not active (Mode 5 No Absorption 
machine). 
#5) Tanks and gas heater feeding the absorption machine (Mode 13). 
#6) Solar collectors and gas heater feeding the absorption machine and loading tanks (Mode 14). 
#7) Solar collectors feeding the absorption machine and loading the tanks (Mode 15). 
#8) Tanks feeding the absorption machine (Mode 16). 
#9) Tanks, gas heater and solar collectors feeding the absorption machine (Mode 19). 
#10) Tanks and solar collectors feeding the absorption machine (Mode 20). 
#11) Recirculation and loading the tanks with hot water (Mode 15 No Absorption machine). 
#12) Tanks feeding solar collectors (Mode 20 No Absorption machine). 
 
The values of the manipulated variables for each operating mode are shown in Table 1. 
 
Table 1. Summary of control variables settings for each operating mode 
 
Mode    Heater 
Absorption 
Machine 
4 100 100 Off Connected 
4* 100 100 Off Disconnected 
5 100 0 Off Connected 
5* 100 0 Off Disconnected 
13 0 100 On Connected 
14 100 100 On Connected 
15 100 100 Off Connected 
15* 100 100 Off Disconnected 
16 0 100 Off Connected 
19 100 100 On Connected 
20 100 100 Off Connected 
20* 100 100 Off Disconnected 
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2.5. Proposed Predictive Controller 
 
Model Predictive Control (MPC) offers a useful framework for solving problems of optimal 
decisions in real time under a set of constraints [16]. Thus, an MPC approach was selected for developing 
the controller, following previous experiences in renewable energy systems [6] and [12]. A mathematical 
model (in this case, based on the one presented in [11]) is used to predict the short-term responses of the 
solar air-conditioning plant, considering the next control actions as variables, which are calculated to 
optimize the performance of the system. The control actions calculated for the current time are applied to 
the process, repeating the procedure every sampling period. 
 
Thus, the proposed controller will regulate: 
- When the gas heater is turned on/off (įgh). 
- The speed of the pump B01 (ȞB01).  
- The position of the mixing valve connected to the tanks (ȣtan).  
 
Initially, as the model predictive control proposed includes one binary variable, the MPC problem 
corresponds to a problem of mixed integer optimization, which is known to be computationally complex, 
see for instance [17] and [18]. In order to transform the optimization problem from a mixed integer 
optimization into a nonlinear one, but with continuous variables (NMPC), two new continuous 
manipulated variables are defined, k ionT , and 
k
ioffT , , which correspond to the duration of the 
activation/deactivation of the binary variable įgh at each sample k. 
 
Due to the fact that the position of the valves ȣ2 and ȣ3 connected to the tanks cannot change 
simultaneously, the MPC only controls the value of one of the valves, based on the current state. Thus, 
when the inlet temperature of the storage tanks is below the average temperature of the tanks, the valve ȣ3 
is fixed to be fully open, so the MPC regulates ȣ2. On the other hand, when the inlet temperature of the 
storage tanks is above the average temperature of the tanks, the valve ȣ2 is fixed to be fully open, so the 
MPC regulates ȣ3. 
 
It must be pointed out that the continuous manipulated variable valve ȣ1, which varies the water flow 
through the solar collectors, is not regulated by the predictive controller, so the valve ȣ1 will be 
represented by a binary variable įv1 whose value depends on the solar radiation:  
- When the solar radiation is above 400 W/m2, the water flows through the solar collectors, so įv1=1. 
- When the solar radiation is below 400 W/m2, water flow is not required, so įv1=0.  
 
With these policies, the safety request of maximum allowed temperature in the solar collectors 
[ scoT ] is fulfilled. Regarding the MPC tuning parameters, the control horizon Nc and the prediction 
horizons Np are the most important: In this case, the sampling time is one minute and the prediction 
horizon is eight minutes. For the continuous manipulated variable, a control horizon of three is 
considered. As a result, the optimization algorithm will provide three values for each continuous variable: 
ȞB01 (k) and ȣtan(k) (k=1,…,3). The first two values refer to the first two minutes of the prediction, while 
the last value is held until the end of the prediction horizon. For the binary variable įgh, a control horizon 
of one is considered. 
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Fig. 3.- Structure of the Prediction and Control Horizons 
 
Objective Function  
The aim of the MPC law is to maintain the inlet temperature of the absorption machine in the 
range [ gT , gT ] in spite of possible disturbances, while minimizing the gas and electrical consumption. 
Notice the solar irradiation cannot be manipulated and has to be treated as a measurable disturbance. 
Thus, the proposed optimization problem is to minimize the cost function J in each sampling time, 
considering the manipulated variables and the control objectives mentioned above. 
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This cost function is composed of four terms:  
• the  first term penalizes the electrical consumption of the pump ȞB01: Gel(€/Kwh) is the equivalent 
electricity cost  
• the second term penalizes the cost of the energy generated by the gas heater, in order to minimize the 
gas consumption: Goth (€/Kwth) is the cost of a thermal Kwh generated by the gas heater, 
• the third term evaluates the reduction in value of the thermal energy stored in the tank, 
• the fourth term penalizes when the tank level is below a minimal value Tgmin or over a maximum 
value Tgmax:  α1  and α2 are the tuning parameters. 
 
Finally, the only constraint is to keep the water flow of the system between certain minimum and 
maximum levels [
1
q , 1q ], so that the gas heater, absorption machine and solar collectors operate 
smoothly. 
 
 
Dynamic Models 
 
The predictive control approach presented in the previous section requires dynamic models (i.e., 
models described as differential equations) of the components of the solar air-conditioning plant to 
reproduce its behaviour under different weather and operational conditions. For this purpose, the models 
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presented in [11] are used. These models were derived as a modular structure which can be adapted to 
another solar air-conditioning plant by adjusting parameters or replacing each of its main elements such 
as solar collectors, gas heater, hot water storage tanks, photovoltaic panels, heat exchanger and absorption 
machine.  
 
3. Validation 
 
Some preliminary results of the application of the proposed methodology to a simulation of the 
process are presented in Figure 4. 
 
The control objective is to supply chilled water in the range [7ºC, 12ºC] to fan-coil units, minimizing 
gas and electrical consumption and fulfilling operational constraints in the absorption machine. Thus, the 
control system must keep the chilled water from the absorption machine in the range [7ºC, 12ºC], which 
is achieved by keeping the heat medium inlet temperature in the range [70ºC, 95ºC]. It can be seen that 
the proposed controller correctly regulates the process without excessive control efforts. In the final 
version, some detailed results will be shown considering different operating conditions. 
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Fig. 4.- Preliminary simulation results 
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